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(57) Abstract 

The present invention includes a method and apparatus for reading data from an optical information storage disc having an information 
storage track that includes a plurality of pits, each pit having the capacity to store at least three discrete data levels represented by differing 
intensities of radiation reflected toward a detector. The information storage track is read and an analog data signal is output which is 
indicative of the reflectance of the pits. The analog data signal in the vicinity of the location of a pit is sampled and convened to a data 
signal which is indicative of the reflectance at the location of the sampled pit. The discrete data level stored at the location of the sampled 
pit level is detcmiined. There is the potential of at least three discitie data levels and each data level coiresponds to an associated range 
of digital signal values. Thus, the data level read from each pit has the capacity to represent more than one bit of infomiation. 
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OPTTCAL DISC READER 
BACKGROUND OF THE INV ENTION 

The present invention relates generally to an apparatus and method for providing high 
capacity and fast transfer speed optical disc data storage. 

The compact disc (CD) has become the standard for high-speed, high-capacity Read 
Only Memory (ROM). In addition, there are also recordable (CD-R) and rewritable (CD- 
RW) CD technologies available. Advances in CD technology have increased both the speed 
of data transfer and the amount of data which a single CD can hold. Progress has been made 
in data transfer speed by spinning the disc faster during read and by more densely packing 
data in a two-dimensional space. Packing data more densely has also resulted in increased 
data storage capacity. 

Current methods of optical data storage encode information on the surface of a CD 
using pits of constant depth but varying length altemating with lands of varying length. A 
detailed description of this method may be found in the Compact Disc Handbook, by Ken C. 
Pohlmann A-R Editions, Inc. Madison WI 1992, which is incorporated here by reference. 
The lengths of the pits and lands encode the data. The laser that reads the data is focused on 
an area of the disc surface which is characterized by a pit or a land. If the laser is focused on 
a pit, then the difference in the optical path length of the light reflected from the bottom of a 
pit from the optical path length of the light reflected from the surrounding surface of the CD 
causes an interference effect and the intensity of the light reflected from the disc is decreased. 
The intensity of the light reflected from the disc therefore produces a signal in a detector 
which corresponds to a pit or a land. Each edge or transition from pit to land or from land to 
pit is detected and recognized as a logical 1 (one). The length of pit or land between edges 
represents a series of logical O's (zeroes). The number of zeroes in the series is proportional 
to the length of the region between edges. Conventional CD readers operate by determining 
the exact point of each transition from pit to land or from land to pit. 
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The CD is typically created -from a metal stamper that bears an inverse pattern of the 
data-encoding pits and lands. A material such as molten polycarbonate is injected into a 
mold containing the stamper to produce the CD. After removal of the cooled polycarbonate 
disc, the data-bearing side of the disc is typically coated with a thin layer of aluminum to 
increase the reflectivity of the surface. The aluminum is usually coated by a protective layer 
of lacquer. The data on the disc is read by focusing a laser beam through the polycarbonate 
side of the disc onto a spiral track that contains the pits and lands of varying length. As the 
disc rotates through the focus of the laser beam, electromechanical servo systems keep the 
laser beam on track and in focus. 

Another method is also used to effect a change in reflectivity at the desired location of 
a pit on the surface of a disc. Instead of creating a physical pit in the surface of the disc, the 
index of refraction of the disc material in the region of the desired pit location is varied from 
the index of refraction of the disc material in a land region. This may be done, for example, 
by providing at least one layer of the disc which is made from a material that can change its 
crystalline properties and therefore its index of refraction upon heating, a so-called 
phase-change material. The change in the index of refraction in the material in a region 
changes the reflectivity in that region. Upon exposure to a heat source, typically a focused 
laser beam, the material can be made to encode data in the form of varying lengths of high- 
reflectivity regions altemating with varying length regions of low-reflectivity. This method 
is similar in concept to the aforementioned pit/land method with regard to encoding a logical 
1 (one) in the form of the edges, and logical O's (zeroes) in the form of the space between the 
edges. Yet another method of changing the reflectivity of the disc at a desired pit location is 
to provide a dye which darkens when irradiated by a writing laser. This method is currently 
used for CD-R systems. 

In an effort to further improve the storage density of CDs, a number of techniques 
have been proposed that permit multiple bits of information to be stored in a single pit. Discs 
having variable depth pits could store more than a single bit of information if each different 
pit depth corresponds to a different data level. It should also be noted that in addition to 
variable level pits which are physically formed by stamping or removing material from the 
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disc, other types of variable level data pits may be fonned by regions at the surface of the 
disc which have a material with a different index of refraction than the surrounding material, 
or which have a material with a different reflectivity than the surrounding material. Thus, the 
term "pits" is used to refer to areas on the disc on which data is stored, including pits that 
produce in any way a different optical path length between the pit surface and the disc 
surface, or pits formed by changing the reflectivity of the disc surface at the pit locations. 

In the case where physical pits and lands are fonned. the index of refraction of the 
disc does not change: rather a pit of carefully selected dimensions is used to modulate the 
amount of light that is reflected back to the light-sensitive detector. The reading laser, when 
focused on a pit, is such that a portion (approximately half) of the focused light falls in the 
pit while the other portion falls outside on the surrounding land region. The depth of the pit 
is approximately one quarter of the reading laser wavelength so that upon reflection, a total 
of a half-wavelength shift between the two portions of the beam results in one portion being 
out of phase with the other. This results in destructive interference between the two portions 
of the querying light beam and hence little light-intensity is measured by the light-sensitive 
detector when a pit is encountered. Thus, edges or transitions from pit to land are easily 
detectable as u-ansitions in light intensity between two states: bright and dark (note tiiat it is 
desirable to provide some light intensity even in the presence of a pit so as to allow the focus 
and u-acking servos to remain operational). When the pit consists of a portion of material 
with a different index of refraction, destnictive interference at tiie pit area is similarly cau.sed 
by the difference in the optical path length traveled by light which travels through the pit 
location. 

Faster data transfer as well as higher information storage capacity could be achieved 
if, instead of merely detecting the edges or transitions between two states, pit and land, a 
detector could be developed which could resolve multiple levels of encoded data at each point 
on tiie disc. Throughout this specification, detecting more than two signal levels from pits 
with more than two levels is referred to as detecting "multiple" levels from "multiple" level 
pits. Such a detector could distinguish between more than the two disc surface levels, pit 
and land. If n different levels of pits are distinguished, then log2 (n) bits of information 
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could be stored in the area of a miramum-length pit. Various numbers of pit levels (n) could 
be used. For example, 8 different levels would encode 3 bits, 16 different levels would 
encode 4 bits, 32 different levels would encode 5 bits, and so on; values of n thai are not 
powers of two would encode a fractional number of bits, e.g., 9 different levels would 
encode 3.17 bits per pit. To further increase the information capacity of the CD, rather than 
following a variable-depth pit by a land region, another variable-depth pit could immediately 
follow the preceding one, and so on, such that each variable-depth pit immediately abuts 
each adjacent variable-depth pit. Furthermore, additional information capacity could be 
achieved by not restricting the variable-depth pits to n discrete levels, but by allowing them 
to be encoded and read in a continuous, or analog, fashion. 

One method of detecting multiple level pits is the laser-feedback method of depth 
detection as described in U.S. Patents 5,029,023; 5,235,587; and 5,260,562 issued to 
Bearden and O'Neill. In the laser feedback method, the laser itself acts as a phase detector 
for the reflected light from the disc. A portion of the reflected light from the disc reenters the 
laser cavity, causing the intensity of the laser output to vary as a function of the optical path 
length of the reflected light. Since the optical path length of the reflected light is affected by 
the depth of the pit which reflected it, it is possible to precisely measure changes in pit depth. 
Changes in pit depth, however, arc determined from the laser's intensity, not from the 
intensity of the reflected light from the disc as described in the present invention. A 
disadvantage of the laser feedback interferometer method is that the laser intensity 
modulation is affected by the absolute distance between the laser and the reflective surface of 
the disc. Variations in the flatness of the disc, as well as wobble caused by spinning of the 
disc, therefore cause modulation of the laser intensity. 

Because of its reliance on resolving small pit depth differences, a multiple pit level 
reader would be vulnerable to noise caused by imperfections in the manufacture of the disc. 
Such noise might change the data level read. . For example, if, in the disc manufacturing 
process, all of the pits on certain portions of the disc are not formed to a sufficient depth as a 
result of uneven cooling or some other slowly varying effect, then those pits would each be 
read as an incorrect data level. In a two level system, this effect would not cause a problem 
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since the signal would still transition through the single threshold at almost the same time. In 
a two level system, it is also possible to automatically adjust the threshold for slowly varying 
defects by filtering out the DC and low frequency components of the signal. For a multilevel 
system, some method of adjustment would be required to compensate for disc defects that 
5 would otherwise cause misreading when the multiple threshold levels are applied. 

It would be advantageous if, instead of detecting only two levels of depth, i.e. pit or 
land, a system could be provided which could resolve more than two depth levels. It would 
also be desirable if such a system's output was not sensitive to the absolute distance between 
the reading laser and the disc surface. It would furthermore be desirable if such a system 
1 0 could compensate for changes in the characteristics of the disc which is being read which 
represent noise. 



5^1 IMM AR Y OF THR INVENTION 



15 The present invention relates to a method and apparatus for reading multiple levels of 

intensity of light reflected from a CD with variable depth pits, with an index of refraction 
modulated material, or with any material that modulates the optical path length of the 
reflected light or alters the reflectivity of the CD surface in any way. Accordingly, the 
present invention reads more information from the same amount of CD surface area by, 

2 0 instead of merely detecting edge transitions between pits and lands, providing a CD reader 
which can detect multiple levels of pits. The interference between the portion of the beam 
that is incident inside of the pit and the portion of the beam that is incident outside of the pit 
on the surrounding surface of the CD may change the light intensity back-reflected from the 
disc or the reflectivity of the disc surface may be varied to change the light intensity back- 

25 reflected from the disc. The changes in light intensity arc monitored by a hght-sensitive 

detector which outputs a data signal. A digital signal processor including a multi-bit analog to 
digital converter determines data levels from the data signal. 

The present mvention includes a method for reading data from an optical information 
storage disc having an information storage u-ack that includes a plurality of pits, each pit 
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having the capacity to store at least-three discrete data levels represented by differing 
intensities of radiation reflected toward a detector . The information storage track is read and 
an analog data signal is output which is indicative of the reflectance of the pits. The analog 
data signal in the vicinity of the location of a pit is sampled and converted to a data signal 
which is indicative of the reHectance at the location of the sampled pit. The discrete data 
level stored at the location of the sampled pit level is detemiined. There is the potential of at 
least three discrete data levels and each data level comjsponds to an associated range of 
digital signal values. Thus, the data level read from each pit has the capacity to represent 
more than one bit of information. 

The present invention further includes an apparatus for reading data fix)m an optical 
infonnation storage disc having an information storage track that includes a plurality of pits, 
each pit having the capacity to store at least three discrete data levels repre.sented by differing 
intensities of radiation reflected toward a detector. An analog to digital converter is 
configured to sample an analog signal indicative of the reflectance of the pits and configured 
to provide as an output a digital signal which includes a plurality of bits for each sample. A 
digital signal processor is configured to determine a discrete data level from the digital data 
signal, there being the potential of at least diree discrete data levels, wherein each potential 
data level corresponds to an associated range of digital signal values. Thus, the data level 
read from each pit has the capacity to represent more than one bit of infonnation. 



BRffiF DESPRTPTTHN THF. PR A^wj ^n^ 

The accompanying drawings, which are incorporated in and constitute a part of the 
specification, schematically illustrate a preferred embodiment of the invention and, together 
with the general description given above and the detailed description of the preferred 
embodiment given below, serve to explain the principles of the invention. 
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FIGURE 1 shows the basic-functional blocks of a prior art CD reader. 

FIGURE 2A shows the basic constituents of a digital variable-depth optical disc 
reader in accordance with one embodiment of the present invention. 

FIGURE 2B shows the basic constituents of an analog variable-depth optical disc 
5 reader in accordance with a second embodiment of the present invention. 

FIGURE 3 shows an idealized light-sensitive detector output in response to a 
return-to-zero (RTZ) variable pit-depth pattern illustrating dynamic range and windows. 

FIGURE 4 is graph illustrating a representative data signal plotted verses time with 
window levels shown. 

10 FIGURE 5 shows an example of a synchronization and calibration pattern which is 

used in one embodiment of the present invention. 

FIGURE 6 shows an example of a calibration pattern which is used in one 
embodiment of the present invention. 

FIGURE 7 is a graph which shows a comparison of an idealized and actual light- 
1 5 sensitive detector output in response to a RTZ variable pit*depth pattern. 

pp<;rRiPTTnN OF th f preferred RMBODTMENT 

Reference will now be made in detail to a prefeired embodiment of the invention, 
2 0 which is a system and method for reading muldple levels of variable intensity light produced 
by a CD which is encoded with multiple level pits. An example of the preferred embodiment 
is illustrated in the accompanying drawings. While the invention will be described in 
conjunction with that preferred embodiment, it will be understood that it is not intended to 
limit the invention to one preferred embodiment. On the contrary, it is intended to cover 
2 5 alternatives, modifications, and equivalents as may be included within the spirit and scope of 
the invention as defined by the appended claims. 

FIGURE 1 shows the basic functional blocks of a conventional prior art CD reader. 
A CD-ROM 100 is read by an optical head 1 10. A set of servos 120 provide focusing and 
tracking control for an optical head 1 10. Opucal head 1 10 contains opto-mechanical 
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components to produce a laser beam, focus the beam on the disc, maintain the focus of the 
beam on a track of data, and read the data stored on the disc. A spindle motor 130 spins CD- 
ROM 100 at a speed which enables optical head 1 10 to scan the disc and read the dark and 
light areas created by the pits and lands. A digital signal processing unit 140 receives the 
signal from optical head 1 10 and determines where each transition from pit to land or vice 
versa is located. Since only two levels are recorded on a conventional CD-ROM. the 
function of digital signal processing unit 140 is simply to determine the timing of the 
transitions. The timing of each transition determines the length of the pits and lands. The 
resulting pattern of ones and zeroes is processed according to the error coirection algorithm 
used in the system. Thus, digital signal processing unit 140 sets a single tiireshold and 
determines exactly when the signal crosses tiiat threshold in onier to deteimine the exact 
point of transition between a pit and a land. Determination of the ti^insition points gives the 
length of the pits and lands from which the data is determined. 

A drive control unit 150 specifies where data is to be located and read from tiie disc 
and a system control unit 160 manages the communication between Uie variable-depth optical 
disc reader and the computer. A computer interface 170 transmits data to a computer and 
receives commands from the computer. 

FIGURE 2A shows the basic constituents of a digital variable-level optical disc 
reader. A pit depth modulated disc, or PDM-ROM 200 is read by an optical head 1 10. A set 
of servos 120 provide focusing and tiacking control for an optical head 1 10. Optical head 
1 10 contains opto-mechanical components to produce a laser beam, focus the beam on the 
disc, maintain the focus of the beam on a ti-ack of data, and read the data stored on the disc. 
The variable-intensity signal produced by variable-depth pits and their surrounding lands is 
measured by a light-sensitive detector in the optical head 1 10. This detector converts tiie 
variable-intensity light signal into a data signal which is a variable-amplitude electrical signal 
that represents the data. In certain embodiments, tiie electrical signal is ased to keep die 
optical head in focus and on track as well as to read the data. 

A spindle motor 130 spins PDM-ROM 200 at a speed which enables optical head 1 10 
to scan the disc and read tiie level of reflected light at successive locations. A multiple bit 
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analog to digital (A/D) converter 220 converts the analog signal obtained from optical head 
1 10 into a digital signal having more than one bit per pit location. The A/D conversion is 
performed in one embodiment by feeding the data signal simultaneously to the inputs of n 
comparators, each of which are also connected to n equally spaced reference voltages, thus 
forming a "ladder". Each comparator with an input voltage greater than its reference voltage 
returns a high output signal, or is "activated"; otherwise a low signal output is obtained. The 
digital output of the ladder corresponds to the highest "rung" activated. In certain 
embodiments, the gain of the signal input into the A/D converter is controlled according to 
the measured dynamic range of the data signal as determined by a series of calibration pits as 
described below or as determined fix)m the maximum and minimum levels of the data signal. 
In certain embodiments, the reference voltages connected to the n comparators are also 
variable so that the reader disc irregularities may be compensated for during the digitizing 
process. 

A digital signal processing unit 240 receives the digital signal generated by multiple 
bit analog to digital converter 220 and processes the signal to detennine the data levels stored 
by the pits which are being read. It is prefen«d that the digitized signal include more bits per 
sample than the number of bits which are represented by the potential data levels, so that the 
signal can be digitally analyzed according to ranges which include more than one digitally 
represented signal value. (However, in certain other embodiments where extensive analog 
signal processing is performed to adjust both the dynamic range and the reference voltage in 
the analog to digital converter, it is possible that certain ranges may include only one 
digitized digital signal value.) Digital signal processing unit 240 also makes corrections for 
various effects including intersymbol interference. 

In one embodiment which includes ten potential data levels, including nine different 
pit levels and land, analog to digital converter 220 most preferably provides an eight bit 
digital signal to digital signal processing unit 240. For such a ten data level system, a digital 
signal which contains at least 8 bits per sample, or about 5 bits per sample more than the 
number of bits in the total potential number of data levels is most preferred. More than about 
16 bits per sample for such a signal is impractical due to cost and speed considerations, and 
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less than 5 bits per sample would not provide enough information to correct for errors and 
allow for intereymbol interference. Too few bits also causes more eirors statistically to 
occur when the data level is deteraiined by determining the signal range in which the digital 
signal falls. A practical range is between 6 and 12 bits per sample. 

For other numbers of potential data levels, it is most preferred that the number of bits 
included in the digital signal is about 5 bits more than the number of bits represented by the 
number of data levels. At least 2 more bits is required for the system to be accurate and 
between 2 bits and 8 bits is a practical range. More than 8 bits may be required in some 
cases, if a sufficiently fast analog to digital converter is available. It is also taken into 
consideration when choosing the number of bits in the digital signal the availability of analog 
to digital converters in mostly even number bits. Thus, in the example given above 
including 10 potential levels, or 3.2 bits, an 8 bit digital signal is a signal with 5 more bits 
and is most preferred. A 5 bit digital signal would be the minimum practical with a 6 bit 
signal more preferable because of the greater availability of 6 bit analog to digital converters. 
A 12 bit signal would be the upper practical bound and at greater than 16 bits, it would be 
difficult to meet the speed requirements for processing. 

Digital signal processing unit 240 is connected to a synchronization processor 242 
which synchronizes the sampling of the pits with the pit locations. Synchronization 
processor 242 is shown separately from digital signal processing unit 240, but in certain 
embodiments, synchronization processor 242 is combined with digital signal processing unit 
240. In contrast to digital signal processing unit 140 which sets a single threshold and 
determines exactly when the signal crosses a single threshold in order to determine the exact 
point of transition and therefore the length of a pit or land, digital signal processing unit 240 
synchronizes the sampling of multiple bit analog to digital converter 220 with the disc pit 
pattem and measures the signal level at each pit location to determine the depth of the pit at a 
given location. The importance of synchronization processor 242 may be understood by 
considering a level 2 pit followed by a level 8 pit. The read signal would transition between 
the darkness levels representing the two pits and it is necessary to sample the signal not at a 
point where an intermediate value is obtained, but instead at a point where the signal has 
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completely reached the level corresponding to the data recorded at each location. 

In one embodiment, synchronization processor 242 operates by reading a series of 
synchronization patterns and using a phase locked loop to synchronize the sampling clock 
with the synchronization patterns. In one embodiment, the synchronization patterns are 
5 detected using an analog threshold detector. In other embodiments, the synchronization 
patterns are recognized from the digital signal. In still other embodiments, synchronization 
patterns are not provided and synchronization processor 242 operates by processing the data 
signal provided by multiple bit analog to digital converter 220 and synchronizing according 
to either the peaks, the transitions, or the uroughs found in the signal. In some 

1 0 embodiments, a phase locked loop is used to synchronize the sampling clock with the 
portion of the signal which represents data recorded in a pit. If peaks and troughs are 
identified, the phase of the sampling clock is adjusted so that samples are taken at the point s 
near the peaks and troughs which represent the stored data. The relative position of these 
points is completely predetermined in some embodiments and it is fine tuned in other 

15 embodiments. If transition points are identified, then the phase of the sampling clock is 

adjusted so that samples are taken away from the u^sition points in the vicinity of the peaks 
and troughs representing data. 

It is most preferred that about 4000 to 5000 synchronization patterns be provided per 
circumference of the disc, in order to keep the sampling clock properly synchronized. This 

2 0 corresponds to about 1 synchronization pattern every 100 pits in the center of the disc, 1 
pattern every 5Q pits in the inner portion of the disc and 1 pattern every 150 pits in the outer 
portion of the disc. A practical range of synchronization pattern frequency is about 2000 to 
10000 synchronization patterns per circumference. A sufficient frequency of patterns must 
be provided to enable the clock to remain synchronized, but too great a frequency results in 

2 5 reduced data storage capacity. 

Digital signal processing unit 240 is also connected to a calibration processor 244 
which provides windows which are calibrate d or scaled according to the measured 
characteristics of the signal obtained from a specific disc which is being read. The calibrated 
windows are then used to determine the signal levels at each pit. Each window defines an 
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upper and lower bound for the signal which corresponds to the data level associated with the 
window. In one embodiment 8 different windows are defined conesponding to 8 different 
data levels or 3 bits of data. In another embodiment. 10 different windows are defined 
corresponding to 1 0 different data levels. This provides room for the storage of 3 bits of 
data, as well as some overhead room for error correction. Calibration processor 244 is 
shown separately from digital signal processing unit 240, but in certain embodiments, 
calibration processor 244 is combined with digital signal processing unit 240. In one 
embodiment, calibration processor 244 performs its scaling function by reading a special 
calibration pattern which includes pits which return the highest and lowest signal levels when 
read. The highest and lowest signal levels thus define the dynamic range of the signal in a 
region of the disc surrounding the calibration pattern. Based on the dynamic range which is 
determined, signal window levels are defined as is described below. In other embodiments, 
calibration processor 244 determines the dynamic range of the data signal obtained from 
optical head 1 10 by analyzing the data itself to determine the maximum and minimum data 
signals. 

In another embodiment calibration processor 244 reads a special calibration pattern 
which includes pits which return the highest and lowest signal levels, as well as all 
intermediate signal levels which correspond to intermediate data levels. Calibration 
processor 244 not only scales the signal to compensate for changes in the dynamic range of 
the data signal obtained from optical head 1 10. but also compensates for variations in the 
distances between each individual signal level. The signal window levels thus defined 
precisely determine the signal level, even when nonlinear variations sue present. 

As in the two level pit reader, a drive control unit 150 specifies whei« data is to be 
located and read from the disc and a system control unit 160 manages the communication 
between the variable-depth optical disc reader and the computer. A computer interface 170 
transmits data to a computer and receives conmiands from the computer. 

In contrast to the CD-ROM reader shown in FIGURE 1, the pit depth modulated 
ROM reader or PDM-ROM reader shown in HGURE 2A functions to determine the actual 
data level at certain points on a pit-depth modulated disc corresponding to pits instead of 
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merely determining the transition peints between pits and lands. Therefore, instead of 
merely identifying the timing of a transition to a pit or a land, the PDM-ROM reader shown 
in FIGURE 2 A returns actual data levels through computer interface 170. The output from 
digital signal processing unit 240 is thus fundamentally different from the output of digital 
5 signal processing unit 140. Digital signal processing unit 140 determines changes in times 
which in turn determines the length of pits and lands and the lengths of the pits and lands 
represent a series of 1 's or O's. In contrast, the output of digital signal processing unit 240 
consists of a series of numbers which represent the level of each pit as it is being read. 

If the data signal is encoded in an analog fashion, the data signal does not have to be 
10 converted to a digital signal; the signal can be simply used in an analog fashion as, for 

example, by a radio or television. Such an analog system is shown in FIGURE 2B, where 
an analog signal processor 241 processes the data signal from optical head 1 10 and transfers 

the signal to output 242. 

Once the data signal from optical head 1 10 is sampled at the correct time as a result of 

15 the operation of synchronization processor 242 , the depth of each pit can be determined 
from where the data signal falls within its full, or dynamic range. The dynamic range is the 
full range over which the signal can vary: from its lowest value (for the deepest pit) to its 
highest value (for a land). FIGURE 3 illustrates how the dynamic range can be broken into 
a number of windows. FIGURE 3 shows a data signal 300 from an ideal detector reading 

20 and ideal disc which has sequentially detected nine different level pits with a land located 
between each pit. Note that synchronization processor 242 causes the data signal to be 
sampled successively at each maximum and minimum point. As the depth of each pit 
increases, the intensity of data signal 300 at the pit location decreases. Data signal 300 
returns to its maximum value between each pit as a result of reading each land between pits. 

2 5 FIGURE 3 illusu-ates a graph of data signal 300 for an idealized system for a return 

to zero test pattern. The idealized pit depth pattern being read is shown by curve 302. A 
first pit 304 has a depth corresponding to an amplitude negative one and is followed by a 
land 306. A second pit 308 has a depth which corresponds to a amplitude negative two and 
is followed by a land 3 10. Likewise, a pit 312 has a depth which corresponds to an 
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amplitude of negative three and is followed by a land 3 14. Similarly, each pit is followed by 
a land, hence the pit pattern is referred as a return to zero test pattern since the signal returns 
to zero at the location of each land located between pits. It should be noted that the present 
invention is intended to read either pits ananged next to lands or pits arranged next to each 
other with no lands in between. The full dynamic range 3 16 of the system is shown to 
extend from an amplitude of zero to an amplitude of -9. This dynamic range is broken down 
into ten levels, each corresponding to a data level. Each data level is defined by a window 
which includes a maximum and a minimum amplitude level. For example, a window 320 is 
shown extending from amplitude -1.5 to amplitude -2.5, Any signal detected at a level 
between these two amplitudes is interpreted as a signal which corresponds to the third data 
level. Likewise, a window 322 is shown defined by amplitude -2.5 and amplitude -3.5. 
Any signal falling between these two amplitudes will be interpreted to correspond to the 
fourth data level. 

FIGURE 4 further illustrates the windowing and sampling process. A signal 410 
has been successfully sampled in synchronization with the reading of a series of pits at times 
1, 2, 3, 4, and 5. Note that if synchronization processor 242 does not synchronize the 
sampling and the sampling occurs at other times, significantly different digitized values 
which correspond to transitional signal levels values and not to pit signal levels would result. 
For example, a point 420 is sampled at time 3 and falls within window 4. If the sample 
had been taken at some other point between time 3 and time 4, then it could have fallen 
within either window 2 or window 3. In the example shown, the samples taken at times 1, 
2, 3, 4, and 5 correspond to data levels 5, 3, 4, 1, and 2, respectively. 

In order to assure that the samples are taken during time intervals which correspond 
to pits which are being read and not time intervals corresponding to transitional periods, the 
sampling clock is appropriately synchronized to the pit pattern on the disc. This 
synchronization of the sampling clock is accomplished using a timing-synchronization pit 
pattern that allows the disc reader's system to determine whether the sampling clock needs to 
be sped up or slowed down. FIGURE 5 illustrates a synchronization pattern 500 which is 
used to synchronize pits on a disc. Synchronization pattern 500 consists of three lands 
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followed by 6 maximum depth pits followed by three lands. Other synchronization patterns 
could be used, including patterns which contain fewer numbers of pits or which contain 
intermediate pit levels. It is important » however, that the synchronization pattern used is not 
often duplicated in the data being read or problems could result from portions of the data 
5 being read as part of a synchronization pattern or vice versa. 

Synchronization processor 242 checks the data being read by optical head 1 10 for a 
synchronization pattern and synchronizes a sampling clock according to their occurrence. In 
certain embodiments, A phase locked loop is used to synchronize a clock according to the 
synchronization pattern location. In one embodiment, transitions within a single 

1 0 synchronization pattern such as falling edge 502 and rising edge 504 are used to synchronize 
the clock. In other embodiments, synchronization patterns are periodically located on the 
disc and the exact intervals between transitions within successive patterns are used to 
synchronize the sampling clock. 

Synchronization pattern 500 is suitable for synchronization using a single pit without 

15 digitizing the data signal. A threshold detector within synchronization processor 242 
determines when the signal value has fallen below a certain value and a timer within 
synchronization processor determines when the signal has remained below the threshold for 
greater than a certain period of time. Once that period of time is exceeded, synchronization 
processor 242 begins to look for a rise in the data signal. When the rising edge of 

20 synchronization pattern 500 is detected, the sampling clock phase is adjusted relative to that 
edge so that the samples will be taken in phase with the pit locations. As long as the data 
signal does not stay below the threshold for longer than the time limit, portions of the data 
signal will not be misread as a synchronization pattern. 

In other embodiments, synchronization processor 242 detects the synchronization 

2 5 after digitizing the pattern and recognizing a certain code in the pattern. In such 

embodiments, synchronization processor 242 either synchronizes on an edge provided 
within the pattern or on pairs of edges within a single pattern or found in multiple patterns. 

As mentioned above, data signal 300 shown in FIGURE 3 is an idealized output 
from a disc with idealized pits, represented by curve 302. In an actual manufactured disc, 
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the levels would not exactly correspond to these idealized levels. For example, the actual 
output levels could correspond to the signal levels shown in the dashed curves. For 
example, pit 330 is shown as a shallower pit than ideal pit 308 and pit 340 is a deeper pit 
than ideal pit 308. 

In certain embodiments, the full dynaniic range of the pits, and hence the locations 
of the windows within diat dynamic range are not fixed. By using a set of calibration pits 
arranged in a calibration pattern, the full dynamic range is measured at various local areas on 
the disc and the windows are adjusted accordingly for the pits located in that area as the disc 
is being read. In one embodiment, the calibration pits are a series of alternating pits 
corresponding to a land and the deepest pit. The signal from these pits represents the full 
dynamic range of the pits in that local area. The window levels are then scaled to fit within 
that dynamic range. This type of calibration pattern may also be used as a synchronization 
pattern, as is described below. 

In certain embodiments, the same set of pits are used for both synchronization and 
calibration. Since synchronization pattern includes both the maximum and the minimum 
signal values, data samples taken within synchronization pattern 600 may be used to 
determine the dynamic range for the local region of the disc surrounding synchronization 
pattern 600. The window levels are then re-scaled to fall within the measured dynamic 
range. 

FIGURE 6 illustrates a multi-level calibration pattern 600 used in certain 
embodiments to calibrate each window on a disc. Calibration pattern 600 steps tiirough each 
pit level, providing three pits in a row for each level. In one embodiment, window 
boundaries are determined by calibration processor 244 by defming each boundary to be 
equidistant between the two nearest measured levels. For example, if a set of calibration pits 
is read with signal values of 0, -0.6, -1.2, -2.0, -2.8, -3.6, -4.6, -5.6, -6.8. and -8.1, this 
information is used to compress the dynamic range and adjust the windows. For example, 
the upper window level for pit depth 3 is determined by calculating half the difference 
between the signal level corresponding to pit depth 3 and tht signal level corresponding to pit 
depth 4. The lower window level for pit depth 3 is determined by calculating half the 
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difference between the signal level corresponding to pit depth 3 and the signal level 
corresponding to pit depth 2. 

In the example given above, the signal level for pit depth 3 is -1.2. (Note that the 
first pit level corresponds to land and is 0.) The signal level corresponding to pit depth 2 is - 
5 0.6. Since half the difference between these two signal levels is 0.3, the lower window for 
pit level 3 is set at -0.6 - 0.3 = -0.9. Similarly, half the difference between -1.2 and -2.0 is 
0.4 and so the upper window for pit level 3 is set at -1 .6. This allows the reader to adapt to 
variations due to its own optical, mechanical, and electrical performance as well as to 
variations in the disc caused by variations in the stamper or by other factors present in the 

1 0 replication process. 

Physical variations in the reader as well as physical variations in the reader influence 
a physical function which ttansform the exact signal values corresponding to the data levels 
which were stored to the actual signal levels which are read. In the above described 
calibration process, nonlinearities in this physical function are compensated. In certain 

15 embodiments, only a single dynamic range measurement is provided and the window levels 
are linearly fit within the range. 

A calibration pattern such as calibration pattern 600 is also used in certain 
embodiments to determine the number of data levels which are represented on the disc. For 
example, different quality discs may be capable of different numbers of pit depth modulated 

20 levels. By counting the number of steps included in calibration pattern 600, the reader 
determines the number of potential data levels stored at each pit location. Thus, the reader 
can automatically distinguish between different discs encoded with different pit depth 
modulation schemes that include different numbers of levels and determine windows 
appropriately. 

25 In one embodiment, a single calibration pattern similar to calibration pattern 600 

which contains signal levels corresponding to each data level is provided at the beginning of 
a disc. By setting window boundaries using such a calibration pattern which contains every 
data level, nonlinearities in the physical function which maps the signal levels to the data 
levels are compensated. Once that is done, the calibration patterns or synchronization 
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pattems similar to synchronizationijattem 500 are used by calibration processor 244 to scale 
the windows. Thus, the relaUve size of each window to the other windows is defined by a 
detailed calibration which uses a detailed calibration pattern which produces a data signal for 
each pit level, and then the window levels are later scaled to fit within a dynamic range which 
is determined fix)m a simple synchronization pattern which need only include data signals for 
the highest and lowest data levels. In other embodiments, detailed calibration patterns are 
provided periodically so that calibration processor 244 can redefine the windows. 

HGURE 7 illustrates actual data read from a disc containing 10 different pit depths, 
including land. Curve 700 plots Uie actual data and curve 710 plots an ideal RTZ pit pattern 
for comparison. Certain of the pits shown in curve 700 are deeper than the ideal pits while 
others are more shallow. Synchronization processor 242 reads synchronization patterns 
contained on the disc to ensure that samples arc taken at the correct times and calibration 
processor 244 reads calibration patterns so that the data is digitized to the correct level. 

Some variation in the signal level associated with a specific pit level may occur as a 
result of intersymbol interference. Intersymbol interference is caused by the interference of 
light reflected from the pit being read with light reflected from pits located adjacent to the pit 
which is being read. It is possible to pre-compensate for this effect during mastering by 
varying a pit's depth to account for signal contributions from the neighboring pits. 
Alternatively, it is possible to compensate for intersymbol interference by further adjusting 
the Digital to Analog Converter parameters or conditioning the analog or digital signal to 
compensate for variations in intensity caused by intersymbol interference. 

After the signal has been assigned to different pit-depth levels, the signal can be 
decoded so that the originally stored data is recovered. The decoding process typically, but 
not necessarily, includes removing channel coding, checking and correcting for en-ors, and 
de-interieaving the data. Intersymbol interference may also be compensated for in Uiis step. 
These functions are also performed by the digital signal processor 240. The channel coding 
is designed to take fiiU advantage of the abilities of the storage system. In the case of current 
CD-ROM, an 8-bit word is channel encoded into a series of 1 's and O's that meets the 
following criteria: there are at least two and no more than ten O's between each 1. Since on a 
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current CD-ROM the I's are physically encoded on the disc by a transition from pit to no-pit 
or a transition from no-pit to pit, the above criteria ensure that the transitions neither occur 
too close together nor too far apart in order to stay within the limitations of the system. In 
the case of variable-depth optical discs, the channel encoding also ensures that the physically 
5 encoded data can be clearly read by the player. For example, the sequence of levels written 
on the disc could require that no two adjacent pits (other than pits within calibration patterns 
or synchronization patterns) have the same depth. On the disc, there is also information 
designed to locate and correct errors. This information along with the interleaving of data, 
the spreading of a data block over a larger area of the disc by breaking up the block and 

10 interleaving it with other similarly segmented blocks, guarantees that the data read from the 
disc is a true representation of the original data. 

In summary, a method and apparatus for reading multiple levels of intensity of light 
reflected from a CD has been described. 

The foregoing description of the preferred embodiment of the invention has been 

15 presented for purposes of illustration and description. It is not intended to be exhaustive or 
to limit the invention to the precise form disclosed, and many modifications and variations 
are possible in light of the above teaching. The preferred embodiment was chosen and 
described in order to best explain the principles of the invention and its practical applications 
to thereby enable others skilled in the art to best utilize the invention and various 

20 embodiments, and with various modifications as are suited to the particular use 
contemplated. It is intended that the scope of the invention be defined only by the appended 
claims. 
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CLAIMS 

1 . A method for reading data from an optical information storage disc having ac 
information storage track that includes a plurality of pits, each pit having the capacity to ston 
at least three discrete data levels represented by differing intensities of radiation reflected 
toward a detector comprising: 

reading the information storage track and outputting an analog data signal 
indicative of the reflectance of the pits; 

sampling the analog data signal in the vicinity of the location of a pit; 

converting the analog data signal to a digital data signal which is indicative of 
the reflectance at the location of the sampled pit and which includes a plurality of bits for 
each sample; 

determining the discrete data level stored at the location of the sampled pit 
from the digital data signal, there being the potential of at least three discrete data levels, 
wherein each data level corresponds to an associated range of digital signal values; 

whereby the data level read from each pit has the capacity to represent 
more than one bit of information. 

2 . A method as recited in claim 1 further comprising the step of dynamically 
calibrating the ranges of digital signal values, wherein the dynamic calibration includes 
directly or indirectly determining a signal range coiresponding to each of the potential data 
levels, wherein the determined signal ranges are used in determining the data level read from 
a pit . 

3. A method as recited in claim 2 wherein the calibration step includes reading a 
calibration pattern on the disc, the calibration pattern including a plurality of calibration pits. 

4. A method as recited in claim 3 wherein the calibration pattern includes a 
calibration pit corresponding to a highest data level and a calibration pit coiresponding to a 
lowest data level to facilitate the determination of a dynamic range of the analog data signal. 
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5 . A methcxl as recited-in claim 3 or claim 4 wherein each discrete data level has 
a corresponding calibration pit in the calibration pattern to facilitate the determination of the 
signal range corresponding to each of the various data levels, 

6. A method as recited in any one of claims 2-5 wherein the calibration step 

5 includes scaling the signal ranges according to the dynamic range of the analog data signal. 

7 . A method as recited in any one of claims 2-5 wherein the calibration step 
includes scaling the signal ranges according to the dynamic range of the digital data signal. 

8 . A method as recited in any one of claims 2-5 wherein the calibration step 
includes adjusting the dynamic range of the analog data signal before the analog data signal is 

1 0 converted to a digital data signal based on the measured dynamic range of the calibration 
pattern. 

9. A method as recited in any one of claims 2-8 wherein the calibration pattern 
includes information indicative of a potential number of discrete data levels that die pits may 
include, the method further comprising the step of identifying the number of discrete data 

15 levels and determining the signal ranges accordingly. 

10. A method as recited in claim 1 further comprising Uie steps of: 

reading a calibration pattern on the disc, the calibration pattern including a 
plurality of calibration pits corresponding to the various discrete data levels; 

calibrating the analog to digital signal conversion based upon the calibration 

2 0 pattern reading step; and 

synchronizing a disc reader sampling clock based upon the tinting of the read 

calibration pattern. 

11. A method as recited in any of the preceding claims wherein each pit has the 
capacity to store at least 10 discrete data levels and the data level determining step has the 

2 5 capacity to provide at least 10 corresponding digital values. 

12. A method as recited in any of the preceding claims wherein the digital data 
signal includes at least about 2 bits per sample more tiian die number of bits represented by 
the potential data levels. 
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13. A method as recited-in claim 1 further comprising the step of dynamically 
calibrating the information storage disc, wherein the dynamic calibration includes 
determining windows having window boundaries which correspond to digital data levels, 

14. A method as recited in any of the preceding claims further comprising the step 
of reading a synchronization pattern on the disc and synchronizing a disc reader sampling 
clock based upon the timing of the synchronization pattern. 

15. A method as recited in claim 1 4 wherein the synchronization pattern is 
distinguishable from data which is stored on the disc. 

1 6. A method as recited in any of the preceding claims further comprising the step 
of analyzing the data signal to determine a frequency and phase of the data signal and 
synchronizing a disc reader sampling clock based upon the frequency and phase of the data 
signal. 

17. A method for reading data from an optical information storage disc having an 
information storage track that includes a plurality of pits, each pit having the capacity to store 
at least three discrete data levels represented by differing intensities of radiation reflected 
toward a detector comprising: 

reading the information storage track and outputting a data signal indicative of 
the reflectance of the pits; 

dynamically calibrating the data signal, wherein the dynamic calibration 
includes directly or indirectly determining a data signal range corresponding to each of the 
potential data levels, 

sampling the data signal in the vicinity of the location of a particular one of 

the pits; and 

determining from the data signal the discrete data level stored in the sampled 
pit, there being the potential of at least three discrete data levels that may be represented by 
the sampled pit, wherein the data level determination is made based on the determined data 
signal ranges; 

whereby the data level read from the sampled pit has the capacity to represent 
more than one bit of information. 
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18. A method for reading data from an optical information storage disc having an 
information storage track that includes a plurality of pits, each pit having the capacity to store 
at least three discrete data levels represented by differing intensities of radiation reflected 
toward a detector, the method comprising: 

reading an information storage track and outputting a data signal indicative of 

the reflectance of the pits; 

sampling the data signal in the vicinity of the location of a particular one of 

the pits; and 

determining from the data signal the discrete data level stored in the sampled 
pit, there being the potential of at least three distinct discrete data levels that may be 
represented by the sampled pit, whereby the digital data read from the sampled pit has the 
capacity to represent more than one bit of information. 

19. An apparatus for reading data from an optical information storage disc having 
an information storage track that includes a plurality of pits, each pit having the capacity to 
store at least three discrete data levels represented by differing intensities of radiation 
reflected toward a detector comprising: 

an analog to digital converter configured to sample an analog signal indicative 
of the reflectance of the pits and configured to provide as an output a digital signal which 
includes a plurality of bits for each sample, 

a digital signal processor configured to detennine a discrete data level from 
the digital data signal, there being the potential of at least three discrete data levels, wherein 
each potential data level corresponds to an associated range of digital signal values; 

whereby the data level read from a pit has the capacity to represent more than 
one bit of information, 

20. An apparatus as recited in claim 19 further comprising: 

a calibration processor configured to dynamically calibrate the ranges of 
digital signal values associated with each potential data level, wherein the dynamic calibration 
includes directly or indirectly determining a signal range corresponding to each of the 
potential data levels, and wherein the determined signal ranges are used in determining the 
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data level read for each sample. - 

21. An apparatus as recited in claim 20 wherein the calibration processor is 
configured to calibrate the ranges of digital signal values associated with each potential data 
level by reading a calibration pattern on the disc, the calibration pattern including a plurality 
of calibration pits. 

22 . An apparatus as recited in claim 2 1 wherein the calibration processor is 
configured to determine the dynamic range of the analog data signal from a calibration pattern 
which includes a calibration pit corresponding to the highest data level and a calibration pit 
corresponding to the lowest data level. 

23. An apparatus as recited in claim 21 or claim 22 wherein the calibration 
processor is configured to determine the ranges of digital signal values associated with each 
potential data level by reading a calibration pattern on the disc, the calibration pattern 
including a series of calibration pits corresponding to each of the potential data levels. 

24. An apparatus as recited in any one of claims 20-23 wherein the calibration 
processor is configured to scale the signal ranges according to the dynamic range of the 
analog data signal. 

25. An apparatus as recited in any one of claims 20-23 wherein the calibration 
processor is configured scale the signal ranges according to the dynamic range of the digital 
data signal. 

26. An apparatus as recited in any one of claims 21-23 wherein the calibration 
processor is configured to adjust the dynamic range of the analog data signal beforc the 
analog data signal is converted to a digital data signal based on the measured dynamic range 
of the calibration pattern. 

27. An apparatus as recited in any one of claims 20-26 wherein the calibration 
processor is configured to determine the potential number of the discrete data levels that the 
pits may include from information included on a disc and determine the signal ranges 
accordingly. 

28. An apparatus as recited in any of the preceding claims wherein the digital 
signal processor is configured to determine a discrete data level from the digital data signal. 
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there being the potential of at least ten discrete data levels, wherein each potential data level 
corresponds to an associated range of digital signal values. 

29. An apparatus as recited in any of the preceding claims wherein the digital 
signal includes at least about 2 bits per sample more than the number of bits represented by 

5 the potential data levels. 

30. An apparatus as recited in claim 19 wherein the calibration processor is 
configured to determine windows having window boundaries which correspond to digital 
data levels. 

31. An apparatus as recited in any of the preceding claims further comprising a 

1 0 synchronization processor configured to read a pattern on the disc and to synchronize a disc 
reader sampling clock based upon the timing of the synchronization pattern. 

32. An apparatus as recited in claim 3 1 wherein the synchronization processor is 
configured to distinguish between a synchronization pattern and the data which is stored on 
the disc. 

15 33. An apparatus as recited in any of the preceding claims wherein the 

synchronization processor is configured to analyze the data signal to detennine a frequency 
and phase of the data signal and to synchronize a disc reader sampling clock based upon the 
frequency and phase of the data signal. 
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